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NASA TTF-9344 

NONMAGNETIC TIME-OF-FLIGHT MASS SPECTROMETER 

ITS CHARACTERISTICS AND APPLICATION 

Hiroshi Tomita* 

? 7 6 7  6’ ABSTRACT 

In the nonmagnetic time-of-flight spectrometer 

(TOF), the gas or vapor to be analyzed is introduced 

into an ion chamber, and is ionized by electron 

bombardment . 
The device allows high-rate, continuous analysis 

of mass spectra. The simplicity and versatility of 

the TOF are discussed. Operation of the Wiley type 

multiplier, recording, range, resolution, sensitivity, 

and accuracy of data are treated. Problem areas and 

the following applications are described: 

gas emanating from a gas chromatograph, tracing of a 

high-speed chemical reaction, ion decomposition and 

charge exchange study, ionic molecular reactions, high- 

temperature reaction thermodynamics, analysis of solids, 

analysis of 

analysis of gas in motion, chemical reactions, human 

breathing investigations and others. Rc- 

* Hokushin Electric Co.: Maru-ko, Ota-ku, Tokyo, Japan. 



I' 1. Int roduct ion  

The nonmagnetic t ime-of-f l ight  mass spectrometer  - abbrevia ted  as /63* 
t h e  TOF type  - is  an  epoch-making mass spectrometer .  Very r ap id  a n a l y s i s  

of r e s u l t s  has  become poss ib l e .  Many a p p l i c a t i o n s  f o r  va r ious  s c i e n t i f i c  

f i e l d s  have been developed. A t  p resent ,  t h i s  type  i s  i n  p r a c t i c a l  u se ,  

mainly i n  t h e  United States (Ref. 1). I n  1962, i t  is  es t imated  t h a t  one- 

t h i r d  of t h e  mass spectrometers  being used i n  t h e  United S t a t e s  are t h e  

TOF type.  

Therefore ,  t h e r e  are several research  r e p o r t s  on t h e  TOF type  spec t ro-  

meter, and i t s  a v a i l a b i l i t y  and problems are becoming apparent .  Reports 

are a l s o  being made on t h e  development of t h e  equipment i t s e l f  and t h e  

measurement techniques involved wi th  t h e  TOF spec t rometer .  

The TOF type  has  p o t e n t i a l i t i e s  f o r  a process-cont ro l  ana lyzer ,  

We s h a l l  because of small s i z e ,  l i g h t  weight ,  and s imple  ope ra t ion .  

d i s c u s s  i t s  c h a r a c t e r i s t i c s ,  problems, and a p p l i c a t i o n s  f o r  t h e  b e n e f i t  

of p o s s i b l e  u s e r s  i n  t h i s  a r t i c l e .  

2 .  Basic P r i n c i p l e s  

The p r i n c i p l e s  of t h e  TOF mass spectrometer  have been given by Wiley 

(Ref. Z), Harrington (Ref. 3 ) ,  and in several Japanese papers  (Ref. 4 ,  5, 6) 

i n  d e t a i l .  Therefore ,  t h e  author  w i l l  survey t h e s e  ve ry  b r i e f l y .  

Jus t  as i n  t h e  r e g u l a r  type  of mass spec t rometer ,  t h e  gas o r  vapor 

t o  be analyzed - which i s  introduced i n t o  an  i o n  chamber - i s  ionized by 

* Note: Numbers i n  t h e  margin i n d i c a t e  pag ina t ion  i n  t h e  o r i g i n a l  
f o r e i g n  t e x t .  
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4 electron bombardment in the case of the TOF meter. The electron current 

is limited to the very short period of time in which the ionization 

takes place. 

which withdraws the ions produced and sends them into the next accelerating 

region. 

to an ion accelerator. 

field, and pass into an ion separator. 

A negative pulse is applied to an ion puller (see Figure l), 

A high electric field is produced by a high d.c. voltage applied 

The ions increase their velocity due to the 

Figure 1 

- I 6 4  Schematic Diagram of the TOF Mass 
(1)-Filament; (2)-Control Electrode for Electrons; (3)-Ion 
Deflection Plates; (4)-Backing Plate; (5)-Ion Accelerator; 
(6)-Ion Puller; (7)-Electron Trap; (8)-Ionization Chamber; 
(9)-Ion Separator; (101-Region for Ion Acceleration; 
(11)-Stack; (12)-Syncroscope; (13)-Collector; (14)-Anode; 
(15)-Electron Multiplier 

The ion separator is surrounded by a cylindrical metal mesh, which 

is maintained at the same potential as the accelerator, but there is 

no electric or magnetic field. 

tor fly along a straight path at a constant velocity and reach the 

The ions which pass through the accelera- 

collector. At the accelerator, each ion is given an energy which is 
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1 propor t iona l  t o  i t s  e lec t r ic  charge (e), bu t  i s  independent of i t s  

mass (m). Therefore ,  t h e  v e l o c i t y  of t h e  ions  i s  p ropor t iona l  t o  G m ,  
and t h e  t i m e  of f l i g h t  i n  t h e  separa tor  i s  p ropor t iona l  t o  G e  of each 

ion .  I f  t h e  generated ions  have d i f f e r e n t  m / e  , they a l l  pass  through 

t h e  a c c e l e r a t o r  i n  a very  s h o r t  t i m e  and e n t e r  t h e  sepa ra to r  a t  almost 

t h e  same t i m e ,  bu t  they are separated depending on each m / e  i n  t h e  

sepa ra to r .  The ions  which have the same va lue  of m / e  c o l l e c t  and 

form a group, and each group reaches t h e  c o l l e c t o r  i n  t u r n ,  depending 

on t h e i r  v e l o c i t i e s .  The m / e  va lue  i s  obtained by measuring t h e  

t i m e  of f l i g h t ,  and t h e  amount of t h e  ions  i s  found by measuring t h e  

c u r r e n t  a t  t h e  c o l l e c t o r .  

Figure 2 

TOF Mass Spectrometer Made by Hokushin Electr ic  Co. 

This  a n a l y t i c a l  ope ra t ion  i s  repea ted  a t  a h igh  rate, and cont inuous 

r e s u l t s  can b e  obtained.  

croscope. A TOF mass spectrometer made by Hokushin Electr ic  Company 

i s  shown i n  F igure  2 .  Figure 3 is  an  example of t h e  mass spectrum 

( f o r  n-butane) obtained from t h e  cyncroscope. 

The output waveform is  observed wi th  a cyn- 
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Figure 3 

Mass Spectrum (n-butane) 

3 .  Characteristics 

3 . 1  High Speed Continuous Analysis 

The TOF meter is suitable for high-speed analysis. In the other 

types of mass spectrometers, the voltage, current, or frequency must 

be scanned in order to measure the mass spectrum. In the TOF meter, 

however, nothing need be changed, because the TOF type includes a 

scanning operation in its basic principle. Therefore, the analyzing 

time of the TOF meter is the same as the period required for high-speed 

ions to pass through the separator, which is about 1 m long. Under 

standard conditions, it takes 100 us to measure 1 amu - 500 amu. 
This measurement can be repeated continuously. The analysis can be 

conducted in a shorter time, if the mass range to be measured is 

decreased. For an univalent ion, the relation between the mass (m amu) 

and the flight time (T us; 1 LIS = sec) is: 

T i 6  

3 . 2  Simplicity of Structure and Operation 

The TOF meter has a simple structure, and is easy to operate. The 
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6 d e t a i l s  are as fol lows:  

( i )  N o  e lectr ic  and magnetic f i e l d  is  needed f o r  t h e  s e p a r a t o r .  

I n  a magnet ic-def lect ion type,  a l a r g e  e lec t r ic  magnet, which occupies 

a l a r g e  percentage of t h e  e n t i r e  volume and weight ,  i s  necessary.  A 

f i n e  adjustment f o r  l o c a t i n g  t h e  magnet is  a l s o  a problem. The TOF 

meter, on t h e  o the r  hand, can be manufactured i n  a s m a l l  s i z e  wi th  

less t r o u b l e ,  due t o  t h e  adjustment.  Furthermore, a l l  t h e  equipment 

can b e  placed on a carr ier  i n  o rde r  t o  t ake  measurements a t  d i f f e r e n t  

l o c a t i o n s .  

( i i )  The ion  f l i g h t  t r a j e c t o r y  i s  a s t r a i g h t  l i n e ,  and t h e  

mechanical s t r u c t u r e  of t h e  analyzer  i s  r a t h e r  s imple.  The i o n  source  

and t h e  e l e c t r o n  m u l t i p l i e r  are i n s t a l l e d  a t  both ends of a l a r g e ,  

s t r a i g h t  analyzing p ipe .  This  design makes t h e  i n s i d e  of t h e  ana lyzer  

f r e e  of contaminat ion,  and a l s o  easy t o  c l ean .  

t r o d e s  i s  a s imple process .  

Removal of t h e  elec- 

(iii) It was a l r eady  mentioned t h a t  t h e  TOF meter needs no 

scanning system. This  aga in  implies  t h a t  no ope ra t ion  and adjustment 

i n  connect ion wi th  t h e  scanning system are necessary .  The cons t ruc t ion  

and handl ing become s i m p l e ,  f o r  t h i s  reason.  

( i v )  No s l i t  s t r u c t u r e ,  which must be ad jus t ed  p r e c i s e l y ,  i s  used 

i n  a n  ion-lens system. Grid s t r u c t u r e s  are used f o r  t h a t  purpose.  

The i o n  source ,  i n  p a r t i c u l a r ,  i s  r a t h e r  s imple,  and need n o t  be 

extremely accu ra t e .  Therefore ,  the c h a r a c t e r i s t i c  change due t o  

e l e c t r o d e  contaminat ion does not  represent  a problem. The overhaul ,  

c l ean ing ,  and reassembly of t h e  ion source  a f t e r  ope ra t ion  over  long 
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' per iods ,  o r  a t  t h e  t i m e  of f i l ament  change, are q u i t e  easy .  

3 . 3  V e r s a t i l i t y  of t h e  Meter 

A s  explained above, t h e  s t r u c t u r e  of t h e  ion  source  i s  r a t h e r  

s imple,  and t h e  source i s  surrounded by empty space,  i n  which e x t r a  

devices  can be  i n s t a l l e d .  This  i s  one of t h e  merits of t h e  TOF type.  

When t h e  s p e c i a l  s t u d i e s  are conducted - such as, measurements of high- 

speed r e a c t i o n ,  t h e  measurement of an ion-molecule r e a c t i o n ,  and t h e  

a n a l y s i s  of s o l i d s  us ing  a high temperature furnace  - i t  i s  o f t e n  

necessary  t o  know t h e  change i n  t h e  ion  source s t ruc tu re ,  o r  i t  i s  

necessary  t o  i n s t a l l  o t h e r  equipment c l o s e  t o  t h e  ion  source.  The 

i o n  source  of t h e  TOF meter can be  changed r a t h e r  e a s i l y ,  f o r  t h e  reason 

descr ibed  above. 

3 . 4  Wiley Type Elec t ron  M u l t i p l i e r  - 165 

The Wiley type  e l e c t r o n  m u l t i p l i e r ,  by which secondary e l e c t r o n s  

from t h e  c o l l e c t o r  are ampl i f ied ,  w a s  developed by Wiley i n  t h e  course 

of development of t h e  TOF mass spectrometer .  

The cons t ruc t ion  is simple and r i g i d ,  as compared t o  t h e  o ld  type.  

The c h a r a c t e r i s t i c s  are no t  changed when exposed t o  t h e  atmosphere, and 

no ag ing  t reatment  i s  necessary.  The c h a r a c t e r i s t i c s  - such as, a m p l i f i e r  

g a i n ,  frequency response,  and no i se  f i g u r e  - are a l l  good enough t o  

permi t  i t s  use  as an output  ampl i f i e r  of t h e  TOF meter. Secondary 

e l e c t r o n s  are generated a t  a conductive f i l m ,  which i s  coated on a g l a s s  

p l a t e .  The ga in  and s t a b i l i t y  of the a m p l i f i e r  change a f t e r  being used 

a long  t i m e ,  due t o  a carbon compound which i s  depos i ted  on t h e  f i l m  

s u r f a c e .  However, t h i s  p a r t  can be removed and washed; i n  t h i s  way, t h e  

7 



* o r i g i n a l  c h a r a c t e r i s t i c s  are r e s to red .  

3.5 Output Recording 

I n  o rde r  t o  t ake  advantage of t h e  h igh  a n a l y s i s  speed, a high- 

speed camera i s  used t o  t a k e  p i c t u r e s  of t h e  m a s s  spectrum on t h e  

osc i l l o scope  screen .  On t h e  o the r  hand, an  accu ra t e  record ing  can be 

c a r r i e d  ou t  by a s t r i p  c h a r t  recorder ,  u s ing  an  analog output  system. 

This  ou tput  system can ope ra t e  any kind of r eco rde r ,  under t h e  cond i t ion  

t h a t  t h e  output  s i g n a l  does not  change dur ing  t h e  t i m e  needed f o r  t h e  

measurement. For in s t ance ,  an automatic,  balancing-type r eco rde r ,  a 

pen osc i l l og raph ,  and an electromagnet ic  o sc i l l og raph  (using a l i g h t  

beam) can a l l  be used. The analog output  system and a memory scope 

are combined t o  record t h e  m a s s  spectrum ( i n  s i n g l e  sweep image) i n  

a s h o r t e r  per iod .  

The analog output  system can be used t o  record a s i n g l e  peak 

cont inuously i n  t h e  spectrum. Any type  of recorder  can b e  used f o r  

t h i s  purpose. 

ana lyz ing  c y c l e  can  be taken by 

cyncroscope. This  method i s  convenient f o r  t h e  r e a c t i o n  measurement, 

i n  which t h e  content  of t h e  sample i n  t h e  i o n  source changes from t i m e  

t o  t i m e .  The number of mass peaks which can be measured a t  t h e  same 

t i m e  i s  two f o r  a s tandard type ,  but i t  can be increased  t o  s i x  peaks 

by changing t h e  e l e c t r o n  m u l t i p l i e r  and t h e  analog output  system. 

3 . 6  Analysis  Range and Resolut ion 

A continuous recording of t h e  s i n g l e  peak f o r  each 

using i n t e n s i t y  modulation wi th  a 

The TOF meter analyzes  from 1 amu t o  5000 amu i n  one range,  

The upper l i m i t  can be extended f u r t h e r ,  i f  wi thout  range switching.  
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t h e  repea t ing  t i m e  f o r  t h e  a n a l y s i s  cyc le  is  reduced. 

The r e s o l u t i o n  i s  an  important f a c t o r  i n  t h e  mass spectrometer .  

Wiley and co-workers concentrated on developing t h e  r e s o l u t i o n .  With 

p r a c t i c a l  va lues  of 1 m f o r  t h e  f l i g h t  d i s t a n c e ,  and 3 kV f o r  t h e  

a c c e l e r a t i n g  vo l t age ,  a u n i t  r e s o l u t i o n  of 200 amu is  obta ined .  (The 

r e s o l u t i o n  has  several d e f i n i t i o n s  and i s  inf luenced  by t h e  technique 

employed. A d e f i n i t i o n  used he re  is a l i m i t i n g  p o i n t ,  a t  which two 

m a s s  peaks - w i t h  1 amu d i f f e r e n c e  between them - are c l e a r l y  separa ted .  

There i s  an agreement between a t h e o r e t i c a l  va lue  and an experimental  

one us ing  a mercury i s o t o p e ) .  A l a r g e r  va lue  of 350 amu, us ing  a 

longer  f l i g h t  d i s t a n c e  and a higher a c c e l e r a t i o n  vo l t age ,  has  been 

repor ted .  This  r e s o l u t i o n  va lue  is  enough f o r  r e g u l a r  a n a l y s i s ,  bu t  

no t  f o r  s p e c i a l  purposes - f o r  example, t h e  s e p a r a t i o n  of N2, CO and 

C2H4, f o r  which a h igher  r e s o l u t i o n  i s  requi red .  A double-constr ic-  

t i o n ,  magnetic d e f l e c t i o n  type  must be used f o r  t h a t  purpose. 

In t h e  TOF type ,  i f  t h e  u n i t  r e s o l u t i o n  i s  200 amu, two peaks 

2 amu a p a r t  from each o t h e r ,  a t  400 amu, and those  8 amu a p a r t ,  a t  

600 amu, can be  sepa ra t ed .  Thus, a cons tan t  s e p a r a t i o n  i s  maintained 

up t o  t h e  l a r g e r  mass. This  suggests  t h a t  large-molecule a n a l y s i s  

may be c a r r i e d  o u t ,  except  f o r  the case of i so tope  s e p a r a t i o n  i n  which 

peaks are c l o s e  toge the r .  

The r e s o l u t i o n  i s  changed by vary ing  t h e  speed of t h e  a n a l y s i s  

i n  t h e  magnetic d e f l e c t i o n  type ,  but no t  i n  t h e  TOF type.  This  i s  one 

reason  why t h e  TOF i s  s u i t a b l e  f o r  high-speed a n a l y s i s .  

9 



3.7 Absolute and Detection Sensitivity 

Since it is usually assumed that the absolute sensitivity is 

(div/vHg), including a sample introducer and the output recorder, no 

good reference data are available for the analyzer only. Since the 

TOF type has both advantages and disadvantages,in general 

absolute sensitivity is almost the same as that of the magnet 

deflection type. The disadvantages are: 

the 

(i) The generation time of the ion pulse is short; 

(ii) The pressure difference between the ion source and the 

ion separator is small because of the structure of the ion source. 

The advantages are: 

(i) 

(ii) The cross-sectional area of the ion flow is large because 

All the ions which are generated can be measured; 

of no slit structure in the ion lens system; 

(iii) The output is amplified by the Wiley electron multiplier. 

In a standard TOF meter with argon as a sample, the ratio of the 

sample pressure to the output current of a peak for Ar40 is about 

30 mpA/10-6 Torr. 

ion gauge, and the output current was the output of the electron 

multiplier. 

The sample pressure was measured by a hot-cathode 

In order to improve the disadvantages, we are considering: 

(i) A n  analyzing technique with a continuous ionization opera- 

tion; 

(ii) Installing a separator with a hole between the ion source 

and the ion separator to increase the ion source pressure. 

10 



With respect to the sample amount needed for the analysis, the 

TOF type has an advantage, because the measuring time, as well as the 

absolute sensitivity, favor small amounts. For this reason, some new 

ideas are required for a sample-introduction device. 

using a hot-filament type evaporation, the sample is placed very near 

to the electron flow, by which the sample is ionized. Very small 

amounts of the sample can be analyzed by this technique. 

For example, 

The detection sensitivity is calculated theoretically from the 

absolute sensitivity, the maximum sample pressure which is allowed in 

the ion source, and noise output. 

A theoretical calculation, and an experiment for helium in air, 

show that an element content of more than 5 ppm is detectable. 

3 . 8  Accuracy of Analysis 

Relative analysis accuracy is determined by the stability of the 

meter. According to the experiments, the main factors affecting the 

stability of the TOF meter are: power voltage variation, fluctuation 

of the sample pressure in the ion source, and the amplification change 

in the electron multiplier. When all conditions are kept stable, a 

variation pattern, measured over several days, changes only 1% in standard 

deviation. 

The TOF output is sensitive to statistical fluctuation. These 

fluctuations naturally take place in the course of transporting the ions 

to the collector, generating the ions, and during electron multiplica- 

tion. 

For the case of a small ion number in one cycle, such as less than 

11 



10' , t h e  output  v a r i a t i o n  i s  t h e o r e t i c a l l y  l a r g e .  For measurements 

t ak ing  a long t i m e ,  i n  which t h e  s t r i p  c h a r t  r eco rde r  is  used,  t h e  

ou tpu t s  are va lues  which are averaged over each c y c l e ,  and t h i s  causes  

no problem. Therefore ,  when t h e  output  i n  each cyc le  i s  measured, a 

l a r g e  amount of i ons  must be analyzed t o  avoid t h i s  s t a t i s t i ca l  e f f e c t .  

4 .  Problems /66 

4.1 Elec t ron  Tube Curcui t s  

A mechanical s l i t  is  used i n  t h e  magnet-deflection type  spec t ro-  

meter. 

s l i ts ,  are adopted i n  t h e  TOF meter. Therefore ,  t h e  s t a b i l i t y  of t h e  

p u l s e  he igh t s ,  width,  waveform, and a l s o  t h e  s t a b i l i t y  of t h e  d.c .  

source  vo l t age ,  are important f a c t o r s .  The c h a r a c t e r i s t i c s  of a highly-  

s e n s i t i v e  d.c .  a m p l i f i e r  and pulse  genera t ion  c i r c u i t s ,  which are both 

included i n  t h e  analog output  system, are a l s o  important .  General ly  

speaking,  t h e  c h a r a c t e r i s t i c s  of the TOF meter depend g r e a t l y  upon t h e  

electron tube c i r c u i t s .  

4.2 Vacuum System 

E l e c t r i c a l  pu l se s  which play t h e  same r o l e  as mechanical 

The s t r u c t u r e  of t h e  vacuum system i s  r a t h e r  s imple.  However, i t  

is  necessary  t o  use  a pump having high pumping speed, because t h e  ana lyz ing  

p i p e  has  a l a r g e  volume i n  t h e  TOF type ,  as compared t o  o t h e r  types.  

The s t a b i l i t y  of t h e  e n t i r e  equipment i s  inf luenced  by t h e  s t a b i l i t y  of 

t h e  pump. 

between t h e  ion  source  and t h e  ion  s e p a r a t o r ,  i n  o rde r  t o  make t h e  con- 

ductance small between them. This s epa ra to r  can decrease  t h e  e f f e c t  of 

I n  t h e  r e g u l a r  type  of a n a l y s i s ,  a s e p a r a t o r  can be placed 
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the vacuum fluctuations in the ion separator. However, for the case 

of high speed analysis, in which a high pumping speed is required 

at the ion source, the pumping stability should be good because the 

separator cannot be used. 

4 . 3  Electron Multiplier 

When the dynode strips - which are a main element in the electron 

multiplier - are contaminated, the multiplication factor and the 

stability of the multiplier are changed. This matter should not be 

neglected during measurements, even though the dynode strips can be 

washed to recover their characteristics. The degree of contamination 

depends on the working conditions, but they should be washed once 

every one or two months. The following precautions for avoiding 

contamination are recommended: 

(i) The pressure inside the analyzing pipe should be kept low. 

Placing a valve between the pipe and the evacuation system is effective 

(ii) The multiplication factor of the multiplier should be set 

as small as possible. 

(iii) The contamination is mostly a carbonaceous deposit. A 

carbon compound should not be used too much - for example, in order to 

examine the sensitivity. 

5. Applications 

General applications of the TOF type take advantage of its ability 

to carry out high speed analysis. Namely, fast reactions, such as 

photo-chemical reactions and high-temperature reactions occurring in 

a shock wave, were studied. In these studies, the structural simplicity 

13 
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around the ion source was fully utilized. 

In the field of normal analysis, the TOF is being used for con- 

tinuous analysis and micro analysis by taking advantage of its high 

speed and simplicity of handling. Other applications of the TOF meter 

are as follows: several studies on the properties of gaseous ions - 

such as an ionization reaction by electron bombardment and a reaction 

of ionic molecules, an analysis and determination of large molecular 

structure, a study of thermal dynamics of metals and inorganic solids 

using high-temperature furnaces. Some of them have already been analyzed 

with the magnetic-type meter, and the TOF type has comparable results, 

which are superior in some respects. 

TOF type is advantageous will be described in detail. 

5.1 Analysis of Gas Emanating from a Gas Chromatograph 

Some applications in which the 

A s  is generally known, a gas chromatograph cannot detect unknown 

samples reliably. For this reason, an infra red spectrometer or the mass 

spectrometer can be used only for qualitative analysis to obtain additional 

information. However, the use of the analyzer involves many troublesome 

operations, such as taking out the gas samples from the gas chromato- 

graph at every measurement peak, and delicate handling of very small 

samples without contaminations. Therefore, this technique is not 

considered to be a good solution. 

Adoption of the TOF type for  this purpose has been already reported 

by Golke (Ref. 7) (in 1959),  Ebert (Ref. 8) (in 1961), and other 

researchers (Ref. 9). In the United States, some examples are being 

14 



(1) repor ted  a t  p re sen t .  

Since t h e  TOF type  has  a shor t  measuring t i m e  and a s m a l l  absorp t ion  

e f f e c t  on gas  i n  t h e  ion  source,  the gas  emanating from t h e  gas  chromato- 

graph is  introduced d i r e c t l y  and analyzed without  t i m e  de lay .  Only a 

v a r i a b l e  l e a k  va lve ,  used t o  introduce a s m a l l  amount of t h e  gas ,  and 

some connecting p ipes  are necessary t o  connect t h e  gas  output  and t h e  

meter. The output  mass spectrum is recorded by t ak ing  p i c t u r e s  on t h e  

osc i l l og raph  screen  o r  by us ing  an e lec t romagnet ic  o sc i l l og raph .  

By combining t h e  TOF meter and t h e  gas chromotagraph, one can c a r r y  

out  d i f f i c u l t  a n a l y s i s ,  which has  been regarded as being p r a c t i c a l l y  

impossible  because of t i m e  and expense. Very u n s t a b l e  samples and 

samples expel led  i n  very  s h o r t  times, namely 1/10 seconds,  a l s o  can be 

analyzed.  With an advanced type  of gas  chromatograph, which i s  a 

c a p i l l a r y  column, t h e  TOF type  is  more use fu l .  

5 .2  Tracing a High Speed Chemical React ion 

The mechanisms of chemical r eac t ions  have been s t u d i e d  wi th  t h e  

m a s s  spectrometer .  However, t h e  mechanisms were s t u d i e d  by ana lyz ing  

elements i n  t h e  sample be fo re  and a f t e r  t h e  r e a c t i o n .  It w a s  impossible  

t o  measure t h e  change i n  con ten t s  during t h e  r e a c t i o n ,  except  f o r  a very  

slow r e a c t i o n .  The reason is  t h a t  t h e  analyzing speed is  slower than  

According t o  a u s e r s  l i s t :  Bendix Company, E. I. du Pont ,  Dow Chemi- 
cal ,  Monsanto Chemical, ESSO, A t l a n t i c  Refining,  Calvert D i s t i l l i n g ,  
Eastman Kodak, Union Carbide,  General  Foods, P i t t s b u r g h  P l a t e  Glass, 
General Electric,  General Motors, General Dynamics, and Boeing are 
examples of u se r s .  There are more than  t e n  companies. 
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t h e  r e a c t i o n  speed. 

The t r a c i n g  of h igh  speed r e a c t i o n s  by us ing  t h e  TOF meter w a s  

t r i e d  by Kistiakowsky and o t h e r s  i n  1957. 

photochemical r e a c t i o n s .  H e  reported (Ref. 10)  t h a t  t h i s  technique 

w a s  promising f o r  s tudying high speed r e a c t i o n s  and r e a c t i o n  p r o b a b i l i t y ,  

w i th  examples of CH2C0 (ketene)  and NO2 decomposition. 

H i s  f i r s t  problem w a s  f l a s h  

Kistiakowsky a l s o  repor ted  (Ref. 11, 12) t h a t  t h e  decomposition /67 

of N 2 0  and t h e  ox ida t ion  of C2H2 (ace ty lene)  occurred i n  t h e  presence 

of a shock wave a t  h igh  temperatures (1000 - 2700° K ) .  H i s  technique 

w a s  used by o the r s .  Diesen measured t h e  v e l o c i t y  cons t an t  f o r  thermal  

decomposition of CR2 i n  t h e  temperature range from 1700 t o  3200' K ,  

u s ing  t h e  shock wave and t h e  TOF meter i n  1963. 

(Ref. 13)  wi th  a va lue  obtained from an  spec t romet r i c  experiment. 

Diesen a l s o  measured t h e  thermal decomposition of N2H4 (hydrazine)  a t  

1200 - 2500' K,  and determined (Ref. 14) t h e  v e l o c i t y  cons t an t s  f o r  

f i v e  elemental r e a c t i o n s  such as N2H2, "3, N2, H2, and "2, by 

t r a c i n g  their peaks on t h e  mass spectrum. After t h a t ,  Friedman repor t ed  

on t h e  thermal decomposition of phenolformaldehyde i n  a photo f l a s h  i n  

1963. 

The r e s u l t  agreed 

Burning, explos ion  and ca ta ly t ic  r e a c t i o n  can a l s o  be  appl ied  t o  

t h i s  type  of measurement. 

The problems a r i s i n g  from the  p r a c t i c a l  u se  of t h e  TOF meter i n  

t h i s  f i e l d  are t h e  sample in t roduc t ion  and t h e  output  s i g n a l  record ing .  

The mechanism of t h e  sample in t roduc t ion  depends on t h e  o b j e c t  t o  be 

measured and t h e  type  of r e a c t i o n ,  and s m a l l  modi f ica t ions  should be 
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( 3 )  e>*-* 

Figure 4 

High-speed Reaction Chamber (Ref. 3) 

(1)-End of t h e  Analyzing Pipe ( t h e  Ion  Source i s  I n s i d e ) ;  
(2)-High-Speed Reaction Chamber; (3) Pin  Hole 

c a r r i e d  out  by each experimenter.  General ly  speaking,  making t h e  t i m e  

de l ay  f o r  t h e  sample in t roduc t ion  as s h o r t  as p o s s i b l e ,  and avoiding 

a d d i t i o n a l  r e a c t i o n s  between t h e  sample p a r t i c l e  and t h e  i n s i d e  w a l l ,  

are d e s i r a b l e .  I n  many cases, t h e  ho t  samples under h igh  p res su re  

are introduced i n t o  t h e  ion  source a t  room temperature  under low 

p res su re .  

posed. A c y l i n d r i c a l  f a s t - r e a c t i o n  chamber is  placed i n  con tac t  wi th  

t h e  backing p l a t e ,  c l o s e  t o  t h e  ion source.  The r e a c t i o n  t akes  p l a c e  

i n  t h e  chamber, and t h e  sample p a r t i c l e s  which are generated are i n t r o -  

duced i n t o  t h e  i o n i z a t i o n  chamber through a p i n  h o l e  which i s  loca ted  

a t  t h e  c e n t e r  of t h e  backing p l a t e .  A l a r g e  pumping speed i s  r equ i r ed  

of t h e  vacuum system, as compared t o  t h e  case of t h e  r e g u l a r  type  of 

a n a l y s i s .  Sometimes, d i f f e r e n t i a l  pumping, i n  which an e x t r a  vacuum 

system is  a t tached  t o  t h e  ion  source,  is  used. A high-speed camera 

For t h i s  purpose,  t h e  s t r u c t u r e  shown i n  Figure  4 i s  pro- 
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and intensity modulation (see 3 to 5) are used as methods of output 

signal recording. 

5.3 Study of Ionization Phenomena 

The mass spectrometer has been used for the study of ionization 

and dissociation of molecules. 

tial difference method ( R P D  method) by using single-energy electron 

flow, the accurate measurement of ionization efficiency curves, the 

Since Fox introduced a retarding poten- 

measurement of ionization potentials and appearance potentials, and the 

study of ionization and dissociation have been carried out. 

Kiser tried to use the TOF meter for this purpose in 1961. He 

employed Warren's extrapolated differential method and Lossing's semi- 

lograrithmic method, rather than the RPD method. The appearance 

voltage was measured for the mass peak of C2H4O (ethylene oxide) and 

C3H6O (propylene oxide), and the expediency of the TOF type was shown 

(Ref. 16). Kiser also reported on experimental results obtained with 

sulpher compounds, such as C2H4.5 (ethylene sulphide), 

mine) (Ref. 17), C3H8S (2  - chia butane), C 4 H 1 0 S  (2 - chia pentane), 

and CH3SSCH3 (2, 3 - di-chia butane), and substituted 

(Ref. 19) , such as 

epoxy - 3 - metoxy propane), C3H50CR (epichrolhydrin) and C3H50Br 

(epibromhydrin). 

C2H5N (ethyleni- 

oxiranes 

C4H6O (3, 4 - epoxy - 1 - butane), C4HgO2 (1, - 2 - 

A combination of the TOF meter and a pulsed RF'D method was reported 

to be useful by Glick and Llewellyn in 1963, and by Melton and 

in 1963. measured an IE curve precisely for N2+ and N', 

and discussed the relation between excitation and detailed structures 

Hamill 

Glick et a1 
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around t h e  i o n i z a t i o n  p o t e n t i a l .  

A c a l c u l a t i o n  of t h e  ion iza t ion  c r o s s  s e c t i o n ,  t ak ing  A r  as a 

r e fe rence ,  w a s  a l s o  c a r r i e d  out  (Ref. 20). Melton e t  a1 made 

measurements wi th  K r +  and C2Hg+ (fragment C2H5+, C2H4') , and obta ined  

good r e s u l t s  (Ref. 21).  The advantages of t h e  TOF type  i n  t h i s  f i e l d  

are : 

( i )  Modifying t h e  appara tus  f o r  measurements i s  easy;  

(a)  

(b) 

Changing t h e  e l e c t r o n  gun is  s imple;  

P o t e n t i a l  of t h e  e l ec t ron  gun i s  c l o s e  t o  ground poten- 

t i a l ,  so  t h a t  t h e  f l o a t i n g  RPD e lec t rode  i s  n o t  necessary ;  

(c)  Producing pu l ses  fo r  t h e  pulsed WD method i s  easy ,  

because i t  has  a p u l s e  gene ra to r  o r i g i n a l l y ;  

( i i )  Inf luence  of i n i t i a l  ion energy on t h e  measurement i s  avoided 

because a h igh  v o l t a g e  i s  used f o r  t h e  i o n  a c c e l e r a t i o n ;  

( i i i )  The c h a r a c t e r i s t i c s  of t h e  ion  c o l l e c t i o n  are good, because 

t h e r e  i s  no s l i t  i n  t h e  i o n  l e n s  system. 

A f i n e  g r i d  e l e c t r o n  gun i s  a v a i l a b l e  fo r  Fox's pulsed RPD method 

and f o r  t h e  method determining the  c r i t i c a l  energy wi th  a space charge,  

as suggested by C lou t i e r  and Schi f f .  

The gene ra t ion  mechanism of nega t ive  ions  i s  d i f f e r e n t  from t h a t  of 

p o s i t i v e  ones.  The I E  curve must be made c a r e f u l l y ,  and no very  

s u c c e s s f u l  r e s u l t s  have been repor ted .  

i n t e r e s t i n g  s u b j e c t  i n  t h e  f u t u r e ,  due t o  t h e  f a c t  t h a t  t h e  genera t ion  

of H20- and 0- causes  a misoperat ion i n  a GM tube  and a p ropor t iona l  

counter .  Melton measured a n  I E  curve f o r  0- generated from H20 wi th  

The nega t ive  i o n  w i l l  be  an  
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the TOF meter in 1963, and observed peaks due to the different genera- 

tion mechanisms listed below. He also discussed (Ref. 21) the critical 

potential and resonance potential. 

(i) Ion pair formation 

H20+e + H+H++O-+e 

(ii) Decomposition by capturing electrons 

H20+e + 0-+2H 

(iii) Rearrangement resonance capture 

H20+e + O-+H2 

In the measurement of the ionization potential for negative ions /68 

there is no reference value, as in the positive case obtained by a 

spectrometric method. Therefore, sometimes it is necessary to alternate 

between both ions frequently. 

this purpose, because the switching between positive and negative ions 

can be readily done in the TOF. 

The TOF type is again convenient for 

The TOF has advantages for ionization other than electron bombard- 

ment, such as photoionization, ionization by radioactive rays, and 

ionization by electrical discharge. Fluegge reported on using the 

electrical discharge in 1961. 

5 . 4  Ion Decomposition and CharPe Exchange Study 

In the mass spectrometer, when accelerated ions from the ion source 

collide with other neutral molecules before reaching the collector, a 

charge transfer between them can occur. This pehnomenon is prevented 

by reducing the pressure in the analyzing pipe. In the TOF type, this 

is likely to happen because of  a long flight distance and of a low 
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pres su re  d i f f e r e n c e  between t h e  i o n  source and t h e  ana lyz ing  tube.  

Since,  i n  a s imple charge t r a n s f e r  between i o n i c  molecules 

t r a n s f e r  i s  very  s m a l l ,  an  ion  which is  newly generated by t h e  

c o l l i s i o n  s t a y s  a t  t h e  same p lace ,  and a n e u t r a l i z e d  ion  keeps f l y i n g  

wi th  t h e  same speed as be fo re  the  c o l l i s i o n .  

a momentum 

X+(fast)+Mo ( thermal)  Xo ( f  ast)+@( thermal)  

Since t h e  f l i g h t  pa th  is a s t r a i g h t  l i n e  i n  t h e  TOF type ,  t h e  

n e u t r a l  p a r t i c l e  w i l l  a r r i v e  at the  c o l l e c t o r  w i th  a very  s h o r t  de lay  

as compared t o  o t h e r  i ons ,  and w i l l  gene ra t e  secondary e l e c t r o n s  which 

are measured as output .  This  increases  dev ia t ions  i n  t h e  f l i g h t  t i m e ,  

and lowers t h e  r e s o l u t i o n ,  which should be  avoided. Therefore ,  by 

p l ac ing  a c y l i n d r i c a l  s t a c k  near  the c o l l e c t o r  a long t h e  ion  pa th ,  and 

by a d j u s t i n g  t h e  p o t e n t i a l  appl ied  t o  t h e  e l e c t r o d e  s t a c k ,  t h e  t i m e  

requi red  f o r  t h e  ions  t o  a r r i v e  at t h e  c o l l e c t o r  can be delayed and 

ad jus t ed  t o  t h a t  of t h e  n e u t r a l  p a r t i c l e s  ( see  F igure  1). When a 

reverse p o t e n t i a l  is  app l i ed  t o  the  e l e c t r o d e  s t a c k ,  t h e  ions  can  be  

separa ted  from t h e  n e u t r a l  p a r t i c l e .  It i s  a w e l l  known technique by 

which t h e  charge t r a n s f e r  c ross -sec t ion  between ions  and molecules can 

be measured. 

Hunt developed (Ref. 23) t h i s  i d e a  f u r t h e r  (1964) i n  o rde r  t o  

measure t h e  i o n  d i s s o c i a t i o n  which can  t ake  p l a c e  i n  t h e  analyzing 

t u b e  of t he  TOF meter. By placing a f l a t  t op  p o t e n t i a l  b a r r i e r  a t  some 

d i s t a n c e  i n  t h e  ana lyz ing  p ipe ,  the  o r i g i n a l  i ons  (AB') and fragment 

i o n  (A+) generated by t h e  d i s s o c i a t i o n  and fragment n e u t r a l  p a r t i c l e  

(B) can be  separa ted  from each o ther .  
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AB+ - A+ + B 

A+, B and AB+ main ta in  almost t h e  same speed, bu t  when they  pass  t h e  

p o t e n t i a l  b a r r i e r ,  B i s  n o t  a f f ec t ed  by t h e  p o t e n t i a l  and AB+ i s  t h e  

second t o  arrive a t  t h e  c o l l e c t o r ,  due t o  l a r g e  momentum, and A+ i s  t h e  

t h i r d .  

ob ta ined  by determining the t i m e  d i f f e r e n c e  between AB+ and B y  and 

a l s o  between A+ and B.  

from t h e  r e l a t i o n s h i p  between r e a c t i o n  t i m e  and t h e  amount of t h e  

fragment i o n s ,  by changing t h e  e l ec t rode  l o c a t i o n .  The measurement 

r e s u l t s  (Ref. 24) are no t  good enough y e t ,  bu t  f u t u r e  development 

i s  expected. 

They are separa ted  i n  t h i s  way. The masses of A and B can  be  

Furthermore, t h e  r e a c t i o n  rate may be  obtained 

Another advantage of t h e  TOF type  - t h e  f a c t  t h a t  modi f ica t ion  

i s  r e a d i l y  performed - i s  being adopted. Wahrhaftig r epor t ed  (Ref. 25) 

t h e  measurement of i on  d i s s o c i a t i o n  us ing  a home-made TOF m a s s  spec t ro-  

meter i n  1959. 

5 .5  I o n i c  Molecular Reactions 

It is  a well-known phenomenon that a r e a c t i o n  t akes  p l a c e  between 

i o n s  and molecules i n  a gaseous r eac t ion ,  such as d ischarge ,  burning 

and a l s o  i n  r a d i o a c t i v e  chemistry.  The same r e a c t i o n  can occur i n  t h e  

m a s s  spectrometer  as repor ted  i n  1931. (2)  This  r e a c t i o n ,  however, has  

n o t  been used p o s i t i v e l y  for a long t i m e .  Since 1952,(3) t h i s  has  been 

u t i l i z e d  t o  determine t h e  mechanism of t h e  i o n i c  molecular r e a c t i o n .  

(*) H. D. Smyth, Rev. Mod. Phys. 3, 347, 1931. 

(3) V. L. Ta l ' roze ,  A .  K. Lyubimova, Dokl. Akad. Nauk, SSSR 86, 909, 1952. 
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When t h e  amount of t h e  sample introduced i n t o  t h e  meter is  inc reased ,  

and t h e  p re s su re  i n  t h e  ion  source i s  increased  up t o  10-5 - t o r r ,  

a g r e a t  change i n  t h e  m a s s  spectrum is  o f t e n  observed because of t h e  

i o n i c  molecular r e a c t i o n .  The s i z e  and re la t ive l o c a t i o n  of t h e  mass 

peaks suddenly change, and e n t i r e l y  new peaks can appear .  Melton has  

used t h e  magnetic d e f l e c t i o n  type ,  bu t  r e c e n t l y  - with  t h e  TOF type  - 

measured (Ref. 21) t h e  r e l a t i o n  between t h e  sample p re s su re  and t h e  

change i n  t h e  mass peak f o r  t h e  r eac t ions :  

( i )  Ar++CH4 - Ar+CH3++H 

(charge t r a n s f e r  induced d i s s o c i a t i o n )  

( i i )  CH4++CH4 + CH5++CH3 

(atom a b s t r a c t i o n  from n e u t r a l  o r  i o n i c  a b s t r a c t i o n  

from ion)  

This  technique i s  s imple,  but r e s t r i c t e d  t o  some ex ten t .  A super- 

impos i t ion  t akes  p l a c e  wi th  t h e  fragment ions  produced by e l e c t r o n  

bombardment, and wi th  t h e  ions  produced by t h e  e s s e n t i a l  r e a c t i o n .  

The spectrum becomes complicated and d i f f i c u l t  t o  ana lyze ,  because 

each fragment i o n  can t ake  p a r t  i n  t h e  r e a c t i o n .  The energy of t h e  

primary ions  can no t  be changed so ex tens ive ly ,  and t h e  va lue  of t h e  

energy cannot be  measured co r rec t ly .  

To s o l v e  t h i s  problem, L i n d h ~ l m ( ~ )  used two magnetic-type m a s s  

spec t rometers .  One causes  a r e a c t i o n  between t h e  primary i o n s ,  which 

(4) E. Lindholm, Proc.  Phys. SOC. London, A66, 1068, 1953. 
E. Lindholm, e t  a l . ,  Arkiv. Fysik 18, 219, 1960 
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are introduced i n t o  t h e  i o n  source of another ,  and t h e  sample placed 

i n  t h e  ion  source.  By t h i s  method, on ly  d e s i r e d  ions  can be taken 

out  t o  produce r e a c t i o n s  a t  a constant  energy. U t i l i z a t i o n  of t h e  

TOF type  f o r  t h i s  purpose w a s  a l ready repor ted  (Ref. 26) by Lehr le  and 

Takahashi i n  1961. 

i on  source  of t h e  TOF, and t h e  i o n  flow generated h e r e  w a s  introduced 

i n t o  t h e  i o n i z a t i o n  chamber. 

primary ion ,  and hydrogen, benzene, tolene,and methane w e r e  used as t h e  

sample .  

Furthermore,  Lehr le  modified t h e  Nier-type ion  source.  By s e t t i n g  up 

a r eg ion  i n  which t h e  charge t r a n s f e r  t akes  p l ace ,  n e u t r a l  p a r t i c l e  

flow is  introduced i n t o  t h e  ion  source of t h e  TOF, and a r e a c t i o n  

between t h e  n e u t r a l  p a r t i c l e  and the samples can be  observed (Ref. 2 7 ) .  

They placed a Nier-type i o n  source  c l o s e  t o  t h e  

Ar+ ,  He+, N2+, CO+ were used as t h e  

The energy of t h e  primary i o n  w a s  increased  up t o  2000 e V .  

They are planning t o  s tudy t h e  s p u t t e r i n g  of s o l i d  samples and /69 
n e u t r a l  p a r t i c l e s  under exc i t ed  condi t ions  wi th  t h i s  equipment. 

I n  t h i s  area of r e a c t i o n  measurement, t h e  TOF has  t h e  fol lowing 

advantages over t h e  magnetic type:  

(i) The e l e c t r i c a l  f i e l d  i n  t h e  i o n i z a t i o n  chamber i s  ze ro  when 

t h e  r e a c t i o n  t akes  p l ace ,  because of p u l s e  measurement; 

( i i )  The s t r u c t u r e  of t h e  ion source is  s imple,  so  t h a t  another  

i o n  source  can be i n s t a l l e d .  

5.6 Thermodynamics of Reaction a t  High Temperature 

The mass spectrometer  can be app l i ed  t o  a measurement of thermo- 

dynamic c h a r a c t e r i s t i c s ,  f o r  low vapor p re s su re  subs tances ,  such as 

s o l i d  s a l t ,  o r  more gene ra l ly ,  fo r  chemical r e a c t i o n s  a t  high tempera- 
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ture. In this way, all of the gaseous elements flowing out of a 

high-temperature furnace, which is under phasec equilibrium, can be 

analyzed qualitatively and quantatively at the same time. In order to 

calculate the reaction heat, a slope method, which is based on the 

second law of thermodynamics, can be always used with a good approxima- 

tion. These are the merits, as compared to methods employed up to the 

present, such as Knudsen or Langmuir's effusion method, and the 

transpiration method. 

For this application, the magnetic type was first used, and was 

then replaced by the TOF type. White reported in 1961 that the TOF 

has advantages over the magnetic type. 

of the TOF type. A Knudsen cell and a window, with which a photo- 

pyrometer is used to measure the temperature, were installed. Some 

basic reactions and the following reactions were measured (Ref. 28): 

He rearranged the ion source 

B203(R) 4= B203(g) 

Ag(R) C A g ( g )  

2Ag(g) Ag2 (g) 

As for B2O3, a relation between temperature and vapor pressure was 

obtained at 1220 - 1641' K, and the evaporation heat and the entropy 

of BzO3(g) closely agreed with values obtained by optical measurements. 

The IE curves were taken for B+, BO', B202+ as well as B203+, and it 

was concluded that the fragments were not produced in the Knudsen cell, 

but B2O3 was decomposed by electron bombardment. For Ag, the amount of 

Ag+ was measured at 1235 

culated. 

- 1410' K, and the evaporation heat was cal- 

For Ag2, the intensity ratio of Ag2+ to Ag+ at four different 
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temperatures  of 1380, 1413, 1460 and 1513' K ,  and t h e  d i s s o c i a t i o n  

h e a t  f o r  Ag2, which w a s  obtained by t h i s  experiment,  showed good agree-  

ment wi th  t h e  r e s u l t  obtained by the  magnetic mass spec t rometer .  

I 

White, e t  a1 made a series of experiments (Ref. 29, 30, 31, 32) 

f o r  rare e a r t h  elements and t h e i r  compounds wi th  t h i s  equipment 

independent ly .  

The c h a r a c t e r i s t i c s  of t h e  TOF type  meter f o r  t h i s  a p p l i c a t i o n  

are as fo l lows ,  wi th  r e fe rence  t o  White's r e p o r t :  

(i) The combination of t h e  ion  source  and t h e  h igh  temperature  

Knudsen c e l l  is  easy. Accurate temperature measurement can be done 

by a photo pyrometer. 

( i i )  Flow d i r e c t i o n  of t h e  g a s  from t h e  Knudsen c e l l  can be  made 

perpendicular  t o  t h e  d i r e c t i o n  of t h e  e l e c t r o n  flow and t h e  i o n  flow. 

Molecules under measurement and those i n  t h e  background can be  separa ted  

due t o  t h i s  f a c t .  By s e t t i n g  an  e l e c t r i c  f i e l d  between t h e  Knudsen 

c e l l  and t h e  i o n  source ,  t h e  ions  produced i n  t h e  c e l l  can be  measured. 

( i i i )  It i s  d i f f i c u l t  t o  c o n t r o l  t h e  temperature  of t h e  Knudsen 

c e l l  a t  a h igh  temperature .  I f  i t  t akes  a longer  t i m e  f o r  t h e  measure- 

ment, t h e  r e s u l t  becomes less accura te .  A t  a very h igh  temperature ,  

s h o r t  measurement t i m e  i s  e s p e c i a l l y  r equ i r ed ,  because of t h e  l i f e t i m e  

of c e l l  material. The TOF type  is convenient f o r  t h i s ,  because of 

i t s  s h o r t  measuring time. I f  more than  two analog output  systems are 

used,  d i f f e r e n t  p o i n t s  i n  t h e  spectrum can be measured a t  t h e  same 

t i m e ,  s o  t h a t  t h e  recording t i m e  i s  reduced. 

( i v )  We observed 1 amu d i f f e r e n c e  i n  t h e  mass peak a t  200 amu. 
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Therefore, the resolution limit is not a problem. 

(v) With respect to sensitivity, a minimum measurable sample 

pressure is Torr for White's meter. This is one decade larger, 

but is developed by adopting continuous ionization. 

5.7 -Analysis of Solids andDetermination of Structure of Large Molecules 

Solids having a considerable vapor pressure at about 200' C can 

be handled by a regular feeding system, but for most solids a special 

high-temperature device has to be used. The hot filament type and a 

Knudsen cell are used for this purpose. 

In the hot-filament type, the sample is loaded on a boat made 

of W, Re or Ta, and the electric current flows through the boat to evapor- 

ate the sample at up to 1000° C. This has the following merits: 

(i) The sample can be very near the electron flow, so that the 

evaporated sample is effectively analyzed. 

(ii) Temperature can be controlled by a thermocouple type thermo- 

meter. 

(iii) Samples are changed readily, by using an additional vacuum 

system. 

Even for a sample handled at low temperature, the hot filament 

type is recommended in the case when the sample amount is small and the 

sample activity is strong. 

A combination of the TOF meter and the hot filament can be used 

for micro analysis and the structure determination of large molecules. 

For example, very small amounts of the sample - as in the case of newly- 

discovered organics - can be analyzed by the TOF type. According to a 
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r e p o r t  by Bendix, c h o l e s t e r o l  was analyzed a t  50' C y  and a main peak 

w a s  observed a t  380 amu. The hot  f i lament  can be  used f o r  r e sea rch  

on i s o t o p e  r e a c t i o n s  as a s u r f a c e  ion iza t ion  source.  One example w a s  

r epor t ed  by S tud ie r  e t  a1 (Ref. 33). They a t t ached  a s i n g l e  f i lament  

made of W and R e  t o  t h e  TOF meter, and UC2+, $, UO', U02+, and UO3+, 

produced from sample U,  w e r e  measured. 

The Knudsen c e l l  i s  a method by which t h e  sample i s  loaded i n  a 

c r u c i b l e  made of W o r  T a ,  and heated by an e lec t r ica l  h e a t e r  o r  e l e c t r o n  

bombardment. The evaporated sample i s  introduced i n t o  t h e  i o n i z a t i o n  

chamber through a s l i t .  Usual ly ,  it is  used a t  1000 - 3000O K. (See 

F igure  5.) 

Id ( 3 )  ?.%;tu ' 

I -!- 

Figure 5 
Connection wi th  Knudsen C e l l  

(1)-Analyzing Pipe ;  (2)-Observation Window; (3)-Vapor Flow; 
(4)-Ion Flow; (5)-Cel l ;  (6)-Shield;  (7)-Cooling Water; 
(8) -Vacuum Pumping Pipe 

A combination of t h e  TOF and t h e  Knudsen c e l l  has  a l r eady  been 

descr ibed .  
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As methods of analyzing s o l i d s ,  a d ischarge  method (Ref. 22)  and 

a s p u t t e r i n g  method (Ref. 27) are s u i t a b l e  a p p l i c a t i o n s  of t h e  TOF 

type  as descr ibed  above. 

t h e  s e n s i t i v i t y  f o r  every element is cons t an t .  Since ions  produced 

by d ischarge  have a wide energy d i s t r i b u t i o n ,  a Herzog-Mattauch 

type  mass spectrometer  i s  usua l ly  necessary,  bu t  Fluegge used t h e  TOF 

type  f o r  t h i s  a p p l i c a t i o n  i n  1961 (Ref. 22).  H e  used a co l l ima t ing  

s l i t  f o r  in t roducing  t h e  ions  produced by t h e  d ischarge ,  and obta ined  

modest r e s o l u t i o n  by making t h e  ion f low p a r a l l e l  t o  t h e  p u l l i n g  g r i d .  

An ion  component p a r a l l e l  t o  t h e  g r id  i s  readjus ted  by t h e  d e f l e c t i o n  

p l a t e s .  

r eg ion  can be analyzed,  a f t e r  passing an  energy f i l t e r  which i s  made of 

t h e  d e f l e c t i o n  p l a t e s .  I n  p r i n c i p l e ,  t h i s  looks as though two TOF 

meters are connected a t  r i g h t  angles  t o  each o the r .  Fluegge measured 

Si', Si2+, Si3+,  Si4+ from a S i  sample, and Cu+, Cu2+ and Cu3+ from 

a Cu e l e c t r o d e ,  and r epor t ed  t h a t  t h e  r a t i o  of high-valency ions  

decreases  by a f a c t o r  of 1 /5  as i o n i z a t i o n  inc reases .  Also,  t h e  r a t i o  

of Cu i s o t o p e s  i s  63Cu: 65Cu 

Phys ics  Handbook). 

be  measured by t h i s  meter. 

5.8 Analysis  of Gas i n  Motion 

The d ischarge  method has  t h e  advantage t h a t  

By t h i s  technique,  t h e  ions w i t h i n  a r a t h e r  narrow v e l o c i t y  

f 1: 0.43 ( t h i s  r a t i o  i s  1:0.47 i n  t h e  

Neut ra l  p a r t i c l e s  generated by d ischarge  can a l s o  

Gaseous samples having a v e l o c i t y  i n  a cons tan t  d i r e c t i o n  can  be 

w e l l  analyzed by t h e  TOF meter. The d i r e c t i o n  of gas  flow can be set 

a t  r i g h t  ang le s  t o  e l e c t r o n  and ion  flow without  decreas ing  t h e  

r e s o l u t i o n .  This i s  gene ra l ly  c a l l e d  a r igh t -angle  i n l e t  system. 
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(4)' llt*JLrnn (5)I 

Figure 6 

Connection wi th  a Burner (Ref. 34) 

(l)?-Sample Pa r t i c l e  Flow; (2):Diffusion Pump; (3y-Pressure 
Gauge ; ( 4 )  !-Oxygen ; ( 5)I-Fuel; 

1: Burner; 2: Burning Chamber; 3:  Quartz Probe; 4: Opening; 
5: Ion  Source of Mass Spectrometer 

Appl ica t ions  of t h e  Knudsen c e l l  and t h e  d ischarge  have a l r eady  been 

g iven ,  bu t  they can a l s o  be appl ied t o  r e sea rch  on burning and plasma, 

and an a n a l y s i s  of t h e  atmosphere us ing  e a r t h  satel l i tes .  

Homann and Machizuki (Ref. 34) analyzed t h e  gas  i n s i d e  a long flame 

by t h e  TOF meter. Acetylene,  e thylene,  propane o r  benzene are mixed 

wi th  oxygen, and are burned under a p res su re  of 20 - 60 mm Hg. 

Samples are taken out  by a quartz  probe, and introduced i n t o  t h e  i o n  

source  through t h e  r igh t -angle  sys t em (see Figure  6 ) .  The same 

experiment can be  performed by the  magnetic t ype ,  bu t  t h e  TOF type  i s  

more advantageous because of t he  r igh t -angle  i n l e t  system. 

O'Halloran r epor t ed  (Ref. 35) i n  1963 t h a t  a two-stage supersonic  

nozz le  w a s  designed f o r  tak ing  samples out  of a high-energy plasma 
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Figure 7 

Connection wi th  Plasma Generator (Ref. 35) 

(1) -Plasma 

A: F i r s t  O r i f i c e ;  B:  Second O r i f i c e ;  C:  De f l ec t ion  P l a t e ;  
D: De f l ec t ion  Sh ie ld ;  E: Packing; F: Shie ld  f o r  Ion  Trap; 
G: Ion  Trap; H: Ion  P u l l i n g  Grid; I: Ion  Acce le ra to r ;  
J ,  K: De f l ec t ion  P l a t e s ;  L: Separator ;  M: Sea l ing ;  
N:  Graphi te  S h u t t e r  

and f o r  d i r e c t l y  in t roducing  them i n t o  t h e  TOF ion  source  ( see  F igure  7 ) .  

The m a s s  peaks f o r  A, N2,  02, H20, A+, N2+ and H20+ w e r e  measured i n  an 

argon plasma ope ra t ing  a t  atmospheric p re s su re .  

l o c a t i o n  and gas  conten t  i n  t h e  p lasma,  and t h a t  between e lectr ical  

power and gas  concen t r a t ion ,  were discussed.  The r e s u l t s  obtained 

showed t h a t  N+ and O+ are found i n  t h e  plasma, bu t  N and 0 are no t  

found. The e lec t r ica l  power and output  of A+ and N2’ are c o r r e l a t e d  

i n  a l i n e a r  equat ion ,  and t h e  ion d e n s i t y  i s  1 x 

The r e l a t i o n  between 

- 5.2 x 1OI2 
ions/cm 3 . 

I n  o rde r  t o  ana lyze  gases  a t  h igh  a l t i t u d e s ,  a m a s s  spectrometer  

i s  being placed on an  e a r t h  sa te l l i t e  i n  t h e  United States. I n  t h i s  
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case ,  t h e  meter i s  moving a t  very high speed wi th  r e spec t  t o  t h e  

gases  being t e s t e d .  The TOF i s  again u s e f u l ,  because of t h e  r i g h t  

ang le  i n l e t  system. 

The c h a r a c t e r i s t i c s  of t h e  r i g h t  ang le  system are as fol lows:  

( i )  Moving gases  can be analyzed. 

( i i )  Veloc i ty  d i s t r i b u t i o n  of t h e  sample can be measured. - f71  

( i i i )  Ions ,  e i t h e r  i n  a continuous form o r  i n  a pu l se ,  can be 

measured. 

( i v )  There is  no background e f f e c t  i n  t h e  ion  measurement. For 

t h e  measurement of n e u t r a l  p a r t i c l e s ,  by p l ac ing  t h e  e l e c t r o n  cu r ren t  flow 

s l i g h t l y  ou t  of t h e  c e n t e r  of t h e  ion  flow, p lac ing  a c e r t a i n  t i m e  

i n t e r v a l  between i o n i z a t i o n  and the  measurement, and us ing  t h e  d e f l e c t i o n  

p l a t e  as an energy f i l t e r ,  t h e  background e f f e c t  can be  avoided. 

5 .9  Other Appl ica t ions  

Severa l  examples of t h e  a p p l i c a t i o n s  are as fol lows:  

( i )  Study of chemical r eac t ions ,  us ing  i so topes .  Clyne used t h e  

TOF mass spectrometer  t o  s tudy chemical r e a c t i o n s  us ing  i s o t o p e s  i n  

1961  (Ref. 3 6 ) .  

0 + NO2 = NO + 02 + 46 kcal /mol ,  and i t  w a s  concluded t h a t  NO3 did  no t  

O I 6  and OI8 were measured as products  of t h e  r e a c t i o n ,  

produce an  unbalanced c ~ n f i g u r a t i o n ( ~ ) ,  bu t  r a t h e r  a t r i a n g u l a r  form (6) 

i n  t h e  course  of t h e  r e a c t i o n .  

(5) Unbalanced conf igu ra t ion  

(6) Triangular  complex 

0 

0 
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( i i )  A s tudy  of brea th ing .  Lee analyzed a i r  i n  a human lung 

by t h e  TOF mass spectrometer  (Ref. 37) .  The purpose w a s  t o  examine 

s i c k  ind iv idua l s ,  using p i l o t s  of high-speed a i r p l a n e s .  A hea l thy  

man b rea thes  oxygen f o r  5 -10 minutes,  then  s t o p s  brea th ing  f o r  a 

s h o r t  t i m e .  

a f t e r  c e s s a t i o n  of brea th ing  are measured. Resul t s  showed t h a t  t h e r e  

i s  no N 

c e s s a t i o n ,  and t h e  decrease  i n  capac i ty  i s  p ropor t iona l  t o  t h e  

t i m e  of b rea th  ces sa t ion .  

i s  determined by oxygen consumption. O'Halloran descr ibed  t h e  TOF 

meter used i n  t h a t  experiemnt i n  1961 (Ref. 38) .  The s a m e  experiments 

The decrease  i n  t h e  lung capac i ty  and con ten t s  be fo re  and 

and C02 passing from t h e  blood i n t o  t h e  lung during t h e  2 

It w a s  repor ted  t h a t  t h e  capac i ty  decrease  

are being conducted i n  many p laces .  ( 7 )  

( i i i )  Residual  gas  of high vacuum. The ion  source of t h e  TOF 

meter w a s  i n s e r t e d  i n t o  a vacuum chamber, i n  order  t o  measure t h e  

r e s i d u a l  gas of t h e  vacuum (Ref. 39). (8) 

r e s i d u a l  gas  is  checked without  delay by t h i s  technique.  

The change i n  conten t  of t h e  

( i v )  Process  monitoring. The TOF meter has no t  been appl ied  t o  

process  monitoring. The reason is t h a t  no t  enough experience has  been 

accumulated wi th  t h e  TOF, because extremely high r e l i a b i l i t y  i s  requi red  

f o r  t h e  process  instruments .  But t h e  TOF meter has  many advantages 

(7)According t o  a u s e r s  l i s t  of Bendix Co., Bellvue Hosp i t a l ,  
Brooks A i r  Force Base, Boston Univers i ty ,  General Dynamics, 
New York Hospi ta l  and Newark Presbyter ian  Hospi ta l  are us ing  
i t  f o r  t h i s  purpose. 

(8)According t o  t h e  u s e r s  l i s t  of Bendix Co., NASA, ARO, Boeing 
are us ing  i t  f o r  t h i s  experiment.  
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which are s u i t a b l e  f o r  t h i s  app l i ca t ion .  This  is  a very  promising f i e l d .  

6. Conclusion 

The main a p p l i c a t i o n s  of t h e  TOF type  m a s s  spectrometer  have been 

introduced i n  t h i s  a r t i c l e .  A t  p re sen t ,  t h e  number of TOF meters 

being used i s  inc reas ing  r ap id ly .  General r e p o r t s  on r e sea rch  us ing  

t h i s  mass spectrometer  i n  va r ious  f i e l d s  w i l l  be  published wi th in  

several years .  

The au thor  would l i k e  t o  thank P ro fes so r  Kichizo N i w a ,  Physics  

Department, Hokkaido Univers i ty ;  Professor  Zun Takahashi, Education 

Department, Tokyo Univers i ty ;  M r .  So Miyama, Research Laboratory,  

Toyo Rayon Co.; M r .  Sho Mochizuki o f  t h e  Aerospace Laboratory,  f o r  

t h e i r  g r e a t  h e l p  i n  w r i t i n g  t h i s  a r t i c l e .  
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